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Abstract 
A review of the application of semiconductor layers grown at low substrate temperatures to ultrafast optoelectronics is 
presented. The films, grown by molecular beam epitaxy primarily around 200 °C and subsequently annealed, are 
demonstrated to have high resistivity, high mobility, an ultrashort carrier lifetime, and a high dielectric breakdown. This 
combination of properties makes the low-temperature-grown materials perfectly suited for use in high-speed opto- 
electronic devices. A number of issues which influence the application of these materials, such as growth temperature, use 
of an annealing process, layer thickness, and optical wavelength, are considered. Examples of low-temperature-grown 
semiconductor optoelectronic devices, including ultra-high-bandwidth photoconductive detectors, high-sensitivity, high- 
bandwidth MSM photodetectors, and optical temporal analyzers are demonstrated. While the discussion concentrates on 
low-temperature-grown GaAs, the lattice-mismatched ternary compound InxGa ~ _xAs/GaAs is also considered in the 
context of detection of the longer wavelengths used in optical communications. 
1. Introduction 
With the development of technology for future opti- 
cal communications networks, including soliton trans- 
mission in fibres, high-speed laser diodes, fibre lasers 
and erbium-doped fibre amplifiers comes the sugges- 
tion that, within a decade, operating speeds for com- 
munications systems will exceed 100 Gbit s -l .  This, 
along with the fact that sources of short-duration opti- 
cal pulses will be used for ranging, medical imaging, the 
generation of short bursts of ultraviolet and X-ray 
radiation, the generation and reception of submilli- 
metre-wave radiation and many other applications, will 
lead to a significant demand for detectors that can 
reproduce optical waveforms in the electrical domain. 
Furthermore, since ultrashort electrical waveforms can 
be used in the characterization of electronic com- 
ponents such as transmission lines, high-speed devices 
and integrated circuits, the need for ultrafast response 
photoswitches [1] which convert d.c. electrical signals 
to very brief impulses will also be strong. Each of these 
optoelectronic applications can be best served by a 
semiconducting material which has a high resistivity, 
high responsivity (mobility), short carrier lifetime and 
high dielectric breakdown. When prepared correctly, 
layers of GaAs and other III-V semiconductors grown 
by molecular beam epitaxy at low substrate tempera- 
tures (i.e. LT-GaAs) have been demonstrated to exhibit 
all of these criteria simultaneously. 
The first photoconductive (PC) detectors on GaAs 
[2] used a substrate doped with chromium and were 
demonstrated to have carrier lifetimes as short as 100 
ps. When excited by sub-picosecond pulsed lasers, 
transients with rise times of less than one picosecond 
could be produced from these detectors. Such wave- 
forms, which appeared virtually as step functions on 
picosecond time-scales (Fig. 1), had spectra with com- 
ponents in the THz regime, and the signals were 
applied in the qualitative characterization of materials 
and electronic components such as transmission lines 
and devices [3, 4]. However, for almost every modern 
application, from detectors to sampling gates to test- 
signal generators, the capability of generating a short 
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Fig. 1. Photoconductive response of Cr:GaAs. The step-like 
function is formed due to the long photo-excited cartier lifetime 
of the semiconductor. 
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one wishes to reproduce as faithfully as possible the 
signal being detected, while for electrical applications, 
the ability to compute an accurate Fourier transform of 
a pulsed signal which does not have a long "tail" (which 
might be corrupted by reflections) is imperative. 
A number of approaches have been investigated to 
achieve short fall times in the response of a detector. 
These include the identification of photoconductive 
materials which have very short carrier lifetimes, the 
fabrication of detector patterns that rely on asymmetric 
excitation of long carrier lifetime materials [5], and the 
fabrication of pulse-shaping networks to change the 
step output of a Cr:GaAs detector into a pulse [6]. Fast- 
lifetime materials utilized have included amorphous 
silicon [7], films of CdTe [8], O + ion-implanted silicon- 
on-sapphire (SOS) [9] and proton-bombarded GaAs 
[10] and InP [11]. While the materials that rely on 
damage and deep-level trapping/recombination cen- 
tres for their fast response can have very short life- 
times, they also typically have a poor sensitivity to the 
energy in the excitation pulses, owing to their low 
mobilities. The materials with higher mobilities do not 
have the fastest, sub-picosecond relaxation times. The 
geometrical approaches to producing short pulses have 
been moderately successful, although they are arguably 
more difficult to implement. Historically, despite the 
deficiencies of radiation-damaged SOS, photoconduc- 
tive detectors fabricated on this material have been 
used more than any other source to produce pico- 
second electrical pulses. 
2. Ultrashort carrier lifetime 
In the past several years of its development, LT- 
GaAs has been found to possess characteristics super- 
ior to any other photoconductor. Typically, the 
optimum GaAs layer for optoelectronics is grown by 
molecular beam epitaxy at low substrate temperatures 
( ~ 190-210 °C) at a growth rate of 1 ~m h- l  [12]. This 
substrate temperature, the group III-V flux ratio, the 
growth rate, the film thickness and perhaps even other 
more subtle parameters are all important in determin- 
ing the growth mechanism and quality of the epitaxial 
layers. All the GaAs samples represented in this inves- 
tigation have been grown by Lincoln Laboratory [13] 
and General Electric [14J using the typical parameters 
described here and in the references. 
Numerous studies have demonstrated that as-grown 
LT-GaAs contains t> 1% excess arsenic, producing a 
large concentration of As antisite-related defects 
(101~-102° cm 3), and that it also has a = 0.1% larger 
lattice constant than its bulk GaAs substrate [15, 16]. 
The as-grown phase of LT-GaAs is known to have 
relatively low resistivity and mobility, so that even 
though it possesses a fast carrier response, it is not an 
outstanding photoconductor. When annealed (typically 
at 600°C for 10-15 min), the LT-GaAs displays a 
marked decrease in defects, and As precipitates with 
an average diameter of 60 A are observed by TEM to 
form within the single crystal host [13, 14]. The crystal- 
linity of the layer helps to maintain a high mobility, 
while the overlapping depletion regions of the metallic 
arsenic precipitates lead to a high resistivity. The 
material is then in a state that makes it ideal as a photo- 
conductor, since besides its high resistivity and respon- 
sivity, it has a fast carrier response from the 
trapping/recombination sites [17] (perhaps with some 
contribution from the structural precipitate defects 
[18]) and a high dielectric breakdown as well [19]. 
What makes this material truly outstanding as a photo- 
conductor, however, is that when it is optimally fabri- 
cated each of the above properties is superior to those 
of virtually all other materials. This is relevant not only 
for optical detection applications, but also for the 
characterization of electronics at the highest possible 
frequencies, since the = 100 fs carrier response of LT- 
GaAs allows the generation of extremely short dura- 
tion broadband electrical test signals [20]. 
Since the carrier lifetime of the LT-grown materials 
is so short, measurement techniques that have a tem- 
poral resolution high enough to characterize this 
response and the resulting high-bandwidth of LT-GaAs 
optoelectronic devices are necessary. While time- 
resolved photoluminescence would seem to be the 
most direct approach for determining carrier lifetimes, 
the high density of deep-level defects present in LT- 
GaAs, along with the high degree of non-radiative 
recombination of excited carriers in the material, 
makes this difficult [21]. Two alternative, but well- 
known, high-resolution characterization techniques are 
used in the investigations described here: one which 
measures the optical response of LT-grown materials to 
excitation by a pulsed laser source, and another which 
determines the electrical response of a detector fabri- 
cated on an LT-grown material and illuminated by a 
short laser pulse. 
The laser source primarily employed here is a solid 
state mode-locked titanium-doped sapphire 
(Ti:sapphire) oscillator with 65 fs duration pulses 
(FWHM), 350 mW average power, and 90 MHz repe- 
tition rate. The pulse train from the laser is divided at a 
beam splitter, with part of the energy going into a pump 
beam and the rest to a probe beam. The pump pulses 
excite carriers in the LT-grown material under test 
through pair-breaking by above-bandgap energy 
photons. This carrier injection induces an absorption 
change in LT-GaAs through band filling, band gap re- 
normalization and free carrier absorption [22]. This 
pump-induced change in absorption, Aa(t), and the 
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corresponding change in reflection, evolve along with 
the carrier population due to a number of phenomena. 
Because most of these processes occur on a slow time- 
scale, however, the relaxation decay of the reflection 
and the transmission (or Act) are influenced mainly by 
trapping/recombination at deep levels [23]. 
Figure 2 shows the normalized fractional transmis- 
sivity changes for two as-grown and two annealed LT- 
GaAs samples grown at 190 and 200°C. The carrier 
lifetime can be determined from the decay of the pulses 
to 1/e of their peak amplitudes. These times are found 
to be extremely short, between 180 and 260 fs, regard- 
less of whether the material was annealed or not. This, 
along with other research [17], appears to provide 
evidence that the fast response of LT-GaAs may not be 
due to the precipitates, which are present only in the 
post-annealed material, but that deep levels arising 
from the excess arsenic or other point or structural 
defects are mainly responsible. Several studies also 
confirm that this ultrashort carrier lifetime cannot be 
sustained as the growth temperature is increased [23]. 
For instance, by the time growth temperatures are 
increased only to 250-300°C, carrier lifetimes 
measured by this technique are typically > 50 ps. 
The second measurement technique mentioned 
above, external electro-optic sampling (EOS), provides 
some information about the carrier lifetime of the LT- 
grown materials, but more importantly it is the only 
technique which can directly measure the sub-pico- 
second electrical response of a detector fabricated 
from LT-GaAs and related materials. It is not possible 
to resolve accurately an electrical signal having a rise 
time of less than even 10 ps with any conventional 
instrumentation available today. However, using short 
laser pulses and the very fast Pockels effect in an 
electro-optic probe tip, it is possible to produce a 
measurement system with a bandwidth of I THz [24]. 
The simplest detectors that are made have a gap 
within a planar transmission line or between two 
coplanar lines, fabricated on top of a fast photoconduc- 
tor. The detector pattern most commonly used is a set 
of two parallel gold alloy metal lines, 20 pm wide and 
separated by 20 pm, with a d.c. bias across the lines 
that is as high as 20-30 V. The lasers pulses, of = 20 
pm diameter, uniformly illuminate a spot between the 
lines to generate the electrical impulses. The electrical 
signals excited by the pump pulses are coupled from 
the detector to the transmission line and are readily 
measured using the EOS probe (Fig. 3). This photo- 
conductive detector has very low capacitance, and thus 
the limitations on the shortness of the signal which can 
be generated arise from the duration of the laser pulse 
used or the lifetime of the photogenerated carriers. 
Radiation, skin-effect ohmic losses and modal disper- 
sion lead to a rapid degradation of short impulses as 
they travel down the transmission line between the 
detector and the probe, however, often limiting the 
measurements to a resolution of around 500 fs. From 
Fig. 3 it can be seen that the determination of the 
carrier lifetime is limited compared with the 
pump-probe experiment. However, for the 
measurement of the impulse response of optoelec- 
tronic devices, the external EOS technique is invalu- 
able. 
3. LT-GaAs photodetectors and photoswitches 
The previous section demonstrated that LT-GaAs, 













. . . .  i . . . .  i . . . .  i . . . .  i . . . .  i . . . .  
- -  T ° = 2 0 0  ° C  ( a s - g r o w n )  
¢~. - - - T ° = 1 9 0  ° C  ( a s - g r o w n )  
/~,, . . . . . .  T = 2 0 0  ° C  ( a n n e a l e d )  
,~,¢ ~ '~ . .  - - -  T = 1 9 0  ° C  ( a n n e a l e d )  
" \  \ 
. . . .  i . . . .  i . . . .  i . . . .  i . . . .  i . . . .  
-0.5 -0.25 0 0.25 0.5 0.75 1 
Time (ps) 
Fig. 2. Normalized fractional transrnissivity of as-grown and 
annealed LT-GaAs layers grown at 190 and 200°C. The data 
indicate photo-excited carrier lifetimes of less than 300 fs in each 
case. 
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Fig. 3. Typical photoconductive response of simple detector gaps 
fabricated on annealed GaAs and (inset) as-grown LT-GaAs 
samples. The pulse widths are less than 1 ps in duration, while 
the trailing edge returns to the baseline with virtually no tail in a 
comparable time. 
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ability to respond to optical signals on a very short 
time-scale. Besides reproducing as closely as possible 
the temporal characteristics of an arbitrarily shaped 
optical signal, however, an ideal photodetector should. 
in general, be responsive to optical signals that may be 
very weak and also have a low conductivity or dark 
current in the absence of illumination. As mentioned in 
Section 2, the resistivity of the as-grown LT-GaAs 
layers is relatively low, typically 105-10 ~' f2 cm, as com- 
pared to the resistivity after annealing, which is 
107-10 s Q cm. This leads to higher dark currents in 
detectors fabricated on unannealed LT-GaAs, as well 
as lower switching efficiencies and a diminished 
responsivity. For detector applications, even though a 
substrate of as-grown LT-GaAs provides a high-band- 
width device (Fig. 3, inset), its high conductivity 
hinders, and in some cases makes impossible, its use as 
a photoconductor. 
While the most obvious approach is to exclusively 
utilize annealed LT-GaAs in detectors, several other 
experimental aspects independent of the annealing 
conditions have to be considered. The most important 
of these issues are the thickness of the LT-grown layer 
being employed in the detector and the wavelength of 
light that is being detected. For instance, the 1/e pene- 
tration depth of the 800 nm light is around 1/~m, while 
that for 630 nm photons from a short-pulse dye laser is 
only about 0.3 /~m. The ramifications for detection 
using a 1 /~m thick layer of LT-GaAs at these two 
wavelengths are shown in Fig. 4. While the 630 nm 
light is absorbed only in the LT-grown layer with the 
short carrier lifetime, the 800 nm light penetrates 
through the LT-GaAs and into the substrate, resulting 
in an electrical waveform that has the long lifetime 
characteristics of intrinsic GaAs, like the behaviour 
seen in Fig. 1. This indicates that, for detection of long- 
wavelength light, either a thicker LT-semiconductor 
layer must be grown, or a thin layer must be lifted off 
its substrate and grafted onto an insulator. This liftoff 
and grafting has been demonstrated by several groups 
[25, 26], and it gives LT-GaAs another advantage over 
other materials in optoelectronic applications, i.e. that 
a semiconductor with a fast carrier response can be 
bonded into circuits where a fast photoconductor 
could otherwise not be located. The high-frequency 
characteristics of several novel transmission line struc- 
tures have been determined due to this flexibility of the 
LT-GaAs layers [27]. 
The benefits of a detector fabricated on a thicker 
LT-grown layer are substantiated in Fig. 5. Here the 
wavelength remains fixed at 800 nm, while detectors 
fabricated on layers of different thickness, specifically 
1 and 4.5 /~m, are excited. Again, the penetration of 
longer wavelengths is found to degrade the response of 
a detector on a thin LT-GaAs layer. However, with a 
thick layer of LT-GaAs, the light penetration into the 
long lifetime substrate is negligible, and the response of 
the detector is very fast. The switching responsivity of 
the detectors is also found to be improved, by about a 
factor of three, when more of the light is absorbed in 
the LT-GaAs layer, i.e. when it is thicker. Therefore, a 
faster, more sensitive, optoelectronic device is realized 
when a thicker layer of LT-grown material is used for 
these simple, straight gap detectors. 
The final characteristic of a detector which must be 
addressed is its ability to detect weak optical signals. 
Until the development of LT-GaAs, research on high- 
speed photodetectors concentrated on metal-semicon- 
ductor-metal (MSM) Schottky barrier photodiodes, 
with a device having 105 GHz, 3 dB bandwidth and a 
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Fig. 4. Photoconductive response of a detector gap fabricated on 
a 1 /~m thick LT-GaAs layer for laser excitation wavelengths of 
630 and 800 nm. The longer wavelength penetrates farther into 
the detector structure, exciting long-lifetime carriers in the 
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Fig. 5. Photoconductive response of simple detector gaps fabri- 
cated on 1/~m and 4.5/.tm thick LT-GaAs layers for laser excita- 
tion wavelengths of 800 nm. The light is mainly absorbed in the 
short-lifetime material only when the layer is substantially 
thicker than the penetration depth. 
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0.1 A W-1 responsivity being the best demonstrated 
[28]. With the small spacing of interdigitated fingers on 
this MSM detector, the short transit time of photo- 
excited carriers allows the metal electrodes to have an 
enhanced collection efficiency, increasing the conduc- 
tion current. However, the slow recombination of the 
carriers in the undoped GaAs substrate and the low 
mobility of the holes limits the bandwidth of this detec- 
tor. 
When a finely spaced interdigitated pattern-- 
designed so that the transit time is made equal to the 
carrier lifetime--is fabricated on the high-resistivity, 
annealed LT-GaAs, a photoconductive detector with a 
characteristic ultrahigh bandwidth and a responsivity 
normally associated with a photodiode can be pro- 
duced. Such an MSM detector fabricated on LT-GaAs 
with 200 nm finger widths and spacings and an active 
area of 7 /zm × 7 /~m is seen in Fig. 6. As with the 
simple detector gaps, it is defined between two 
coplanar metal lines. With an incident optical energy of 
0.04 pJ pulse-~, this LT-GaAs detector has demon- 
strated a 3 dB bandwidth of 375 GHz with a respon- 
sivity of 0.1 A W-~, making it the fastest 
high-sensitivity detector reported [29]. The dark 
current at a 1 V bias is 100 pA, and for a higher optical 
fluence of 22 pJ pulse- ~ the on-state resistance of the 
detector is as low as 30 ~2 
This ability to drive the detector to such a low resist- 
ance state also allows the interdigitated gaps to be 
employed as sampling gates. In one investigation [23], 
two MSM structures were integrated on one wafer of 
LT-GaAs (Fig. 7, inset), where one behaved as the 
detector (in the shunt position), and one served as a 
sampling gate. The standard pump-probe configura- 
tion is again utilized, with the delay between the excita- 
tion and sampling pulses plotted against the signal 
amplitude. The MSM detector, which can measure 
even very weak optical transients, acts as a correlator if 
both the detected signal and the sampling gate signal 
are the same (Fig. 7), and as a time domain optical 
waveform analyzer if the transient illuminating the 
detector has an arbitrary pulse shape. 
4. Low-temperature-grown InxGa I _ xAs 
While all of the detectors reported in this review are 
excited using laser pulses at 2 =800  or 630 nm, the 
main commercial applications for high-speed detectors 
will be found in the operating regimes of fibre optic 
communications systems, around 1.3 and 1.5 /~m. 
While LT-GaAs has actually been found to absorb 1.3 
/am light [30], it is also desirable to investigate whether 
other LT-grown materials could be used in high-band- 
width detectors for communications. To reach the 
bandgap associated with 1.5/zm light, a material such 
as In0.53Ga0.47As, which is sensitive down to 1.7/am, is 
needed. Unfortunately, even though In0.53Ga0.47As 
grown on InP has been demonstrated to have a carrier 
lifetime of 2.5 ps when grown at 180 °C [23], it has a 
very low resistivity and thus is not a candidate for use 
in high-speed infrared detectors. It has been recently 
discovered, however, that LT-InxGa~_xAs grown 
lattice-mismatched on GaAs, with InAs mole fractions 
as high as 35%, does have a moderately high resistivity 
to go along with a picosecond carrier lifetime [23]. As 







Fig. 6. Interdigitated MSM detector gap on annealed LT-GaAs 
with finger widths and spacings of 200 nm and area of 50/zm: 
(magnified 1700 × ). Extremely high sensitivities with high band- 
widths are combined in this structure. 
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Fig. 7. Electrical response of two interdigitated photoconductive 
gaps fabricated on annealed LT-GaAs for use as integrated 
detector and sampling gate (inset). The FWHM response is 1.4 
ps. 
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Fig. 8. Photoconductive response of interdigitated detectors 
fabricated on LT-Ino.35Ga0.65As on GaAs, with 1 pm and 2 pm 
features, for a laser excitation wavelength of 800 nm. 
5. Conclusions 
The behaviour of the carrier lifetime of LT-grown 
layers, as well as the influence of wavelength, layer 
thickness, and annealing conditions on LT-GaAs 
detectors, have been reviewed. The ultrafast carrier 
response of LT-GaAs and InxGa]_~As has been 
demonstrated to be of tremendous utility for high- 
bandwidth optoelectronic applications. Advanced 
detection and gating devices based on MSM interdigi- 
tated structures fabricated on LT-GaAs have also been 
shown to have superior performance compared to 
similar semiconductor devices. The potential for using 
LT- InxGa~_xAs /GaAs  in high-speed, long-wavelength 
detector applications for optical communications 
systems has also been established. 
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in the LT-GaAs system, the carrier lifetime for the LT- 
InxGa l_xAs is shortest ( ~- 1 ps) at the lowest growth 
temperatures used ( < 200 °C), and it increases (to > 10 
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behaviour of LT-InxGa t _ ~As is much more difficult to 
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Thus far, 1 /~m thick layers of LT-InxGal_xAs 
having both x = 0.25 and x = 0.35 have been grown and 
tested for carrier response and utility as a detector sub- 
strate [31]. While the 25% InAs mole fraction material 
appears to have a resistivity advantage, its bandgap is 
too large to detect radiation with 2 > 1.1 pm directly. 
The LT-In0.35Ga0.65As does have a cutoff at 1.3 /~m, 
however, and thus applications are now concentrating 
on the use of LT-InxGa I _ xAs with this composition. In 
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detector (Fig. 8), albeit with a depressed responsivity of 
3 x 10 -4 A W -1. The fabrication of a larger pattern, 
having 2/~m finger widths and separations, allowed the 
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tivity, high-bandwidth detectors. 
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